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in vitro assays (filter disk and centrifugation assays) and to those reported in the
literature, thus validating the solid phase assay. Besides a-bungarotoxin,a long,
postsynaptic neurotoxin, binding of cobratoxin- from Naja naja atra, a short, -ost-,A

synaptic neurotoxin, and apamin, a centrally acting neurotoxin, could be demonstrated
using the sol id phase assay. The binding of apamin to b'rain synaptosomes indicates
the assay is sensitive enough to be utilized with preparations containing a low
density of receptors. The assay was also employed as a binding-inhibition assay by
incubating constant amounts of toxinwith increasing concentrations of chol inergic KV-,
1 igands (agonists and antagonists). This assay should be useful in screening corn-
pounds that might potentially.be effective in inbtibitirg toxin binding to receptors.

-In 'order to gain"\nformation on the locaI t wof the •A'X4binding site on the
primary sequence of the&jsubunit of the AChR,4K.fJBTX bir'ndi to a 32 amino acid
peptide (32ImZer)- comprising residues 173-204 of +he To edoc.-subunit was investi-
gated--Toxin binds to the peptide'with the sane affinit as binding- to the isolated
a-subunit'.ýinding of toxin to the 32-mer could b competed with cholinergic
antagoni sts.-'.Ot is concluded that this region of the c•subunit is a major 'determin-
an~t of the toxin-binding site on the receptor Inves igation of toxin-binding to
shorter peptides comprising portions of the 32-mhc should further focalize the site.
Substitution of glutamine for the negatively-char'g}ei glutamate-180, which possibly
represents the anionic site to which the quaternary ýMnonium group of acetylchol ine
and the guanidinium group of arginine-37 of the neurotokk-trs bind, in.a calf 32-mer
did not significantly affect toxin.bindinj, Thus, either ar-'tber negatively-charged
residue is important in binding or, in view of the- mul tisite init:aeection of ,
AChR, alteration of a single residue has little effect on binding. Binding-of'•. ...
BTX was considerably 1 ess to corresponding cal f and human 12-mers than to the Torpedo
32-mer. This raises the possibility that the neurotoxins do not have as great an,
effect on the human receptor and that other constituents of snake venoms contribute
more to the toxic effects of the venoms in humahs Finally, antibodies could be
raised against the Torpedo 32-mer. These antib x4i cross reacted with membrane-
bound and purified AChR, demonstrating the accessibl'ity of the site on the intact
receptor. J%
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SUMMARY

This research was designed to (I) develop binding-inhibition assays that .
could be used to screen compounds that might be effective in inhibiting neuro- -_

toxin binding to the acetylcholine receptor (AChR), (2) carry out studies to
identify the anionic site on primary sequence of the a-subunit to which neuro- K
toxins bind, and (3) determine if antibodies to synthetic receptor peptides '
might be effective in inhibiting neurotoxin binding to the receptor.

A solid phase radioassay was develDped to measure the binding of neuro-
toxins to receptors using binding of 1'lI-labeled a-bungarotoxin (BTX) to
purified Torpedo AChR and membrane-bound AChR as a model. The solid phase
assay is rapid, convenient, and utilizes small quantities of reagents.
Association and dissociation rate constants and dissociation constants for BTX
bindl g to the AChR determined from kinetic and equil ibrium binding data (K -

-10- )were comparable to the constants observed with in vitro assays (f1Pter
disk and centrifugation assays) and to those reported in the literature, thus
validating the sol!d phase assay. Besides a-bungarotoxin, a long, postsynap-
tic neurotoxin, binding of cobratoxin from Naja naja atra, a short, postsynap-
tic neurotoxin, and apamin., a centrally acting neurotoxin, could be demon-
strated using the solid phase assay. The binding of apamin to brain synapto-somes indicates the assay is sensitive enough to. be utilized with preparations

containing a low density of receptors. The assay was also employed as a
binding-inhibition assay by incubating constant amounts of toxin with increas-
ing corncentrations of cholinergic ligands (agonists and antagonists). This
assay should be useful in screening compounds that'might potentially be effec-
tive in inhibiting toxin binding to receptors.

In order to gain information on the location o2t he BTX-binding site on.
the primary sequence of the a-subunit of the AChR, 25I-BTX binding to a 32
amino acid peptide (32-mer) comprising residues 173-204 of the Torpedo a-
subunit was investigated. Toxin binds to the peptide with the same affinity
as binding to the isolated a-subunit. Binding of toxin to the 32-mer could be
competed with cholinergic antagonists. -It is concluded that this region of
the a-subunit is a major determinant of the toxin-binding site on the recep-
tor. Investigation of toxin-binding to shorter peptides comprising portions
of the 32-mer should further localize the site. Substitution of glutamine for . %
the negatively-charged glutamate-180, which possibly represents the anionic "•'.,
site to which the quaternary ammonium group of acetylchol ine and the guanidin-
ium group of arginine-37 of the neurotoxins bind, in a calf 32-mer did not
significantly affect toxin binding. Thus, either another negatively-charged
residue is important in binding or, in view of the multisite interaction of
BTX and AChiP• al teration of a single residue has little effect on binding.
Binding of I-BTX was considerably less to corresponding calf and human 32-
mer. than to the Torpedo 32-mer. This raises the possibility that the neuro-
toxins do not have as great an effect on the human receptor and that other
constituents of snake venoms contribute more to the toxic effects of the
ienoms in humans. Finally, antibodies could be raised against the Torpedo 32-
mer. These antibodies cross reacted with membrane-bound and purified AChR, .

demonstrating the accessibility of the site on' the intact rec.ptor.
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Foreword

In conducting the research described in this report, the investigators
adhered to the "Guide for the Care and Use of Labordtory Animals", prepared by
the Committee on Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council (DHEW Publication No.
(NIH) 78-23, Revised 1978).
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PROBLEM UNDER STUDY

The following three problems were studied during the tern of this
contract:

a. Assay Development. The suitability of solid phase radioassays to
measure the binding of neurotoxins to membrane preparations or purified
acetylchol ine receptor was investigated. The toxins studied were a-bungaro- :
toxin, cobratoxin, and apamin. Experiments were conducted to determine *

whether the solid phase assay could be used as a binding-inhibition assay to
screen compounds that might inhibit binding of toxins. ___

b. Structure/Function Studies. Studies were performed in an effort to
identify the site on the primary sequence of the a-subunit of the acetylcho- •.4.p
line receptor to which curaremimetic neurotoxins bind. A synthetic peptide of
a portion of the a-subunit was synthesized and tested for, ability to bind a-
bungarotoxin. The specificity of binding was analyzed by competition experi-
ments using cholinergic agonists and antagonists.

c. Therapy. Antibodies were raised against the a-subunit peptide
because these might be effective in inhibiting neurotoxin binding to the
receptor. Polyclonal antibodies were raised in rabbits and monoclonal
antibody r~roduction undertaken using mice.

BACKGROUND AND REVIEW OF LITERATURE

The nicotinic acetylcholine receptor (AC;iR) functions to transduce a
chemical signal (acetylcholine) into an electrical event by opening a channel
through which sodium ions pass. The AChR has been well characterized, both
physiologically and biochemically (1-3). The AChR purified from the electro-
plaque of the electric organ Torpedo californica consists of four subunits
present in the molar stoichiometry of a2 ay6 (3-6). The Torpedo AChR has close.'
structural and functional similarities with AChR from othersources including
mammals (7). The pentameric complex of subunits contains the agonist binding
site responsible for receptor activation and desensitization as well as the i" .. '
ion channel for cation flux through the membrane. Although the AChR is the %
best characterized neurotransmitter molecule, many questions concerning its
function remain unanswered. These include the nature of the interaction of
the transmitter with the receptor and how this leacs to opening of the ion
channel. Recent information on the primary amino acid sequences of the poly-
peptides comprising the receptor (8-11) provides a basis for analyzing and
urderstanding the receptor functions at a molecular level.

The study of the AChR has been aided by the use of snake venom curaremi-
metic neurotoxins.. Neurotoxins fron snakes belonging to the families Elapidae
(cobras, kraits, mambas, and others) and Hydrophidae (sea snakes) are polypep-
tides of 60-74 residues which bind with high affinity to the nicotinic AChR
(12,13), and as with curare, competitively block the depolarizing action of
acetylcholine (14). The binding of toxins is competitive with the binding of
the aff~iity •.kylating agents 4-(N-maleimido)-a-berzyltrimethylammonium
\(HBTA) and bromoacetylchol itie (1). u-Bungarotoxin (BTX), a long neurotoxin,
binds with high affinity to the Torpedo AChR (12-15). The most widely used
procedure for measuring toxin-binding to the AChR is the DEAE-cel lul ose disk
assay (filter disk assay) of Schmidt and Rdftery (16). STX binds with lowered
affinity to isolate!d a-subunit but not to B,y , and6 subunits (17-19). The
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competition between chol inergic agonists and neurotoxins suggests that the
toxin-binding region of the a-subunit includes the ACh -binding site.

The snake venom neurotoxins are flat, hand-shaped molecules with three
polypeptide loops projecting from a central core of four disulfide bridges
near one end (20-28). Al l of the side chain residues that have been identi-
fied as being important functionally are located on the concave surface of the
molecule which comes into contact with the AChR (28). The residues which
interact with the acetylicholine-binding site on the AChR lie at the end of
neurotoxin loop 2, the. so-cal led toxic loop, protruding from the molecule.
'The cationlic guanidinium group of the invariant arginine-37 of the neurotoxin
is considered to be the counterpart of the quaternary ammonium group of
acetylcholine (20-23). Most likely, an anionic site on the ACfiR lying beneatil
argirine-37 of the toxins forms part of the acetylcholine-bonding site (28).
Other toxin residues participate in binding to the AW.hR (28,29' and such
multipoint interactions may be responsible for the high affinity of toxin
binding (30).

Several models of the secondary structure of the a-subunit of the AC'R
have be.n proposed (11,28,31-35). These differ largely in the number of
membrane-spanning a-helices. The acetylcholine binding site lies on the
ectodomain of the a-subunit.. The binding site is located near the disulfide
group which is reduced and alkylated by the affiity ligands. Based on the
size of these ligands, the negative subside binding the quaternary ammonium
group is about IOA from the sulfhydryl group formed by reduction of the disul-
fide (1). The a-subunit has four cysteine residues which can form two disul-
fides. IniLially, a disulfide. uccurring between cysteine residues at posi-
tions 128 and 142 was postulated as the most likely region of the acetylcho-
line-binding site (36). An alternative region is near cysteine residues at
positions 192 and 193. These cysteines are present in the a-subun't but not
the other subunits.. Karlin and co-Workers have shown that cysteine-192, and
possibly in addition cysteine-193', were specifically labeled oy the affinity
alkylating agent MBTA (37). In addition, evidence has been presented that a
disulfide bond exists between cysteine 192 and 193 (38). Thus, it seems
likely that at least a portion of the acetylcholine binding sice lies near
cysteine 192 and 193. It is possible that other regions of the a-subunit
brought 'into proximity to this region contribute to the binding slte. Recent-
ly, a synthetic peptide comprising residues 173-204 of the a-subunit has been
shown to bind BTX with the same affinity as the isolated a-subunit (39). This
finding suggests a major determinant of the BTX-binding site in the a-subunit
resides between residues 173 and 204. Furthermore, a shorter peptide, resi-
dues 185-195, has also been shown to bind BTX, although with lower affinity
(40).

RATIONALE USED IN CURRENT STUDY

a. Assay Development. As noted above, BTX has been extreneiy useful in
investigatin' the AChR because of its specificity and high affinity. A filter
disk assay (16) has been widely employed to measure BTX binding to the AChR.
However, in preliminary experiments, ,,e have_- found that toxin binding can be
measured using solid phase radioassays in which purified receptor is adsorbed
to the wel Is of polystyrene microtiter plates and the binding of 1 I-labeled
BTX measured. The solid phase radioassay is consi,!urably easier to perform,
than the fi'ter disk assay. In addition, it lends itself to performance of
binding inhibition assays in wh~ch a potentidl inhibitor is added along with
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12 51-BTX and effec on binding measured. Therefore, it was planned to develop
a modeýAjotocol for solid phase radioassays and binding-inhibition assays
using •°I-BTX and r.ceptor-rich membranes and purified AChR from Torpedo
electric organ. In order to validate the solid phase a!.say, the kinetics and
binding constants determined with this assay we'e compared with those obtained
with in vitro assays (the filter disk assay and centrifugation assay). In
addition, experiments were performed to determine whether the sol id phase
assays can be applied to other neurotoxins., In this case, the solid phase
assays could have wide applicability in screening compounds that would. poten-
tially inhibit toxin binding. Different classes of toxins, were selected for
investigation. Erabutoxin is a short, postsynaptic neurotoxin compared to
BTX, which is a long,,postsynaptic neurotoxin. a-Bungarotexin is also a
component of snake venoms, but acts presynaptically to inhibit transmitter
release. Cardiotoxin is another component of snake venoms, but interacts with
the membranes of other cel Is such as muscle to produce persistent depolariza-
tion. Apamin is a neurotoxic octadecapeptide frem bee venom which, unlike
other peptide toxins, crosses the blood-brain barrier to exert effects on the
central nervous system.

b. Structure/Function Stcdics. These studies were designed to identify
the BTX and hence acetylcholine binding site on the AChR. Berause the toxin
is competitive with acetylcholine binding, the toxin-binding site must be
located at or very near the acetylcholine-binding site, and therefore. identi-
fication of the toxini-binding site should also loc; ize the acetylcholine Ml!i
binding site. Because the primary amino acid sequence of the a-subunit is
known, it is possible to synthesize peptides comprising poi-ý!ons of the a-
subunit and to test these for ability to bind BTX. Evidence exists that
studies of such ligand-peptide interactions are feasible. A 33 residue
synthetic peptide containing loop 2 of Naja naja phi lippinensis toxin has been
shown to bind to the AChR and to compete with BTX for binding (41). In
addition, BTX has been shown to bind to proteolytic frigments of the a-subunit N,
as small as 7 kD in molecular mass (42). Final ly, ,2-residue (39) and 12-
residue (40) 'peptides of the a-subunit have been sWwn to bind BTX. ',us,
neither the entire toxin or ent-ire a-subunit is necessary for binding. The
fact that synthetic peptides bind BTX does not provide conclusive evidence
that the acetyIcholine binding site is also located on the peptide. It is
possible that the peptides interact with some portion of the toxin molecule
other than that binding to the acetylchiline binding site. To determine
whether the acetylcholine binding site resides on the peptide, it is necessary
to determine whether the binding of BTX is competed with cholinergic antagon-
ists or agonists. Therefore, in these studies, the 32-residue peptide (resi-
dues 173-204) was synthesized and the ability of cholinergic antagonists to
inhibit BTX binding tested. The, 32-mer contains several negatively-charged
residues that represent candidates for the anionic subsite. To further local-
ize the binding site, shortcr peptides comprising, portions of the 32-tnr were
synthesized with the godl of testing them for ability to bind toxin.

c. Therajz. If the toxin binding site of the receptor can be identi-
fied, a basis is provided for developing therapies to inhibit binding of the
toxin to the receptor and thus toxicity. Highly •pecific homogeneois toxin-
like probes directed at many parts of the AChR molecule can b, obtained froi'"
c Ioned hyb idoma cel I I ines producing nonocl onaI antibodies (41). These have
had many useful appl ications inthe study of the AChR and the ituto-immune
response to toe recepLor in myasthenia gravis,(44). It can he exp,,:("ced that
antibodies to the toxin-binding pep.'le and the syntt! tic receptor peptide
itself should compeite or block binding af toxin to the receptor. Thus, anti-
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bodies were raised against the 32-residue peptide in rabbits. The production
of monoclonal antibodies in mice was undertaken. These antibodies can then be
tested for ability to block toxin binding to AChR using the solid.phase
radloassay and for ability to prevent toxicity in vivo.

EXPERIMENTAL METHODS

General Procedures Of..'

Torpedo electric organ membranes. Frozen electric organ tissue (50-1Og)
from Torpedo californica (Pacific Biomdrine, Venice, CA) was minced and "
homogenized in 50-100 miiof homogenization buffer (0.4 M Tris HC1, pH 7.4, 10
mM Na EDTA, 0.1 mM phenylmethylsulfonyl fluoride (PtISF), 0.02% NaN ), for 2-3
min wfth a Virtis homogenizer. After centrifugation in a Sorvall R,-5 centri-
fuge (10 mmn at 4,000 xg), the supernatant was centrifuged at 100,000xg for
45 min in a Beckman L2-65 ultracentrifuge'with a 50.2 Ti rotor. The membrane
pellet was resuspended and recentrifuged at 100,000 xg. The final membrane
pellet was resuspended in homogenization buffer to give a protein concentra-
tign of % 10 mg/ml. This fraction was stored at -70%C until use.

Torpedo AChR. The AChR was affinity-purifled on a cobratoxIn-Sepharose
column essential ly as described by Frochner and Rafto (45). Protease inhibi- -
tors (G.1 mM PMSF-and 10 units Trasylol/ml) and divalent cation chelators (1
mM EDTA arid 1 mM EGTA) were present throughout the extraction. Torpedo clec- %

tric organ membranes were solubiflzed in Triton X-100 dnd passed over a cobra-
,toxin-Sepharose column. The AChR was eluted from the column with I M
cdrbdnmylc4ioline (cdrbdchol) in 50 mM Tris-HCI, pH 7.4, 0.1% deoxycholate. The
purified AChR was'dialyzed against the sdme buffer containing the pro se
inhibitor. The receptor preparations routinely bound % 7.5 nmol of I
labeled j-BTX per my of protein. Upon sodium dodecyl sulfate (SDS). poly-
acrylamide gel electrophoresis (PAGE), the four receptor subunits were II
revealed, doenonstrating the purity of these preparations.

Syndpt'oome preparation. Five to 10 brains from adult nale Sprague-
D0wley rats were homojenized in 0.32 1i sucrose in 5 mM Tris-HC1I , pH 7.4,

protease inhibitors, 10'S w/V, with a glass hoiogenizer. The homogenate was %

centri fujad at 100(1 xj andd the p,)l let resuspended and washed twice. Tho .1 o
superndtdnts were combined and centrifuqed at 23,000 xo for 20 imn in a .2-65
ultr-i'(entrif ije with a Ti 45 rotor. Tne pel let was resuspended in a sria 1 1
vol , ie of 0.32 M sucrose in 5 mi1 Tris-IIC1. pH 7.4, 1, yerd on a discontinuous
sticros' r.idient (02. 1.0, 1.? 11) and centrifji',d at 213,000 xo for 60 rmin in
a )W41 rotor. Pie materi,il at the 11.0 M and 1.2 M intorfdcs! was removed with
,a Syr n m. (dI J to P1BS (I:1), ,mnd centrifrijed dt 1••)0,900 , in a Yb3.2 Ti
r,)tor for ý30 aifn. Thce pell ets were resusptendt' in PIS. rt7,-cntrifuqed, resus-
prid.d, a] ivjtotted, anJ prut e in coic ,ntra•tion ,et,,-n ined by Lo• ry. .

lo)d i ti o)n of BTX and other proteins. ITX was iod iiite(i using the chlor-
,imi1e T -e, t od '4() .Ss t•r'ial ly ds ,(scrih,,, by Jjnq and Schm'At f 4 ). flh,.
iid diuated [mixt,, r' was chrir 'atoejrdiphe on a ,epliaddx G, -.11, o I rin to rn,)v t! fr.ee .
o iJ.. Tho 1I t'd toxin e w,)s t en fr.ic, iý;iiJtd on , (. I-',pcd)I c !•3 m , ","

spardat.o ,i- dlrl, Ilonoi odindt od BiTX. The I Jltter wa,, JSel in these studies.
;,.ner t,:x n' arid ,ne 7-ir wr', io idjt,,d in the S ih' .,(imner.
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Toxins. Toxins were obtained from the following sources:

g-Bungarotoxin: Miami Serpentarium

ct-Cobratoxin (Naja naja siamensis): Miami Serpentarium
Cobratoxin (Naja naja atra): Miami Serpentarium
Erabutoxin: Sigma Chemical Co.
$-Bungarotoxin: Miami Serpentarium
Cardiotoxin: Sigma Chemical Co.
Apamin: Sigma Chemical Co.

Al 1 other reagents 'were analytical grade from conventlohal commercial sources.

Assay Development

Solid phase radloassay. A protocol was developed for measuring the
binding of lodinated toxins to purified receptor or membranes adsorbed to the
wells of polystyrene microtiter plates.- A large number of preliminary experi-
ments were performed to determine the optimum conditions and amounts of mater-
ial to be used. The protocol developed to measure binding of BTX to Torpedo
membranes and purified AChR is described below. This assay was also utilized
to measure binding of erabutoxin and cobratoxin to the AChR, B-bungarotoxin to
synaptosomes, and apamin to synaptoso(nes. To characterize binding of toxins,
experii;,ents were perform.d to measure toxin binding as a function of receptor
concentration, the time course of association and dissociation, and saturabil-
ity of binding. Competition experiments were performed by incubating a con-
stdnt amount of labeled toxin with increasing jmounts of competitor and
measuring bound radioactivity. The effects of-unlabeled PJA, ri-cobratoxin, d-
tubocurarine, n icot rie, carbUchoI, choline, and NaCI un I -b-FX uidlid; ty we.r.
tested. The conditions of each individual experiment are described in the
figure legends in the Results section. eN

SOLID PHASE RADIOASSAY

_-Bun(jarotoxi n to Acetylcholinw. Receptor

1. Mtke up receptor or melnbranes at desired concentration (1-10 ug/ml for '

receptor, 10-25 - g/inl for moembranes) in (.odtiny buffer (0.05 M carbonate.
/bicarbonatL ')uffLŽr, pH 9.6 containing 0.02% NAN 3 ).

2. Add 100 wl (0.1-2.5 wj) of receptor or'renbrane solution to wells of 96-
wl ll polystyrene microtiter plates (Nunc, USA/Scientific Plastics). Use
1-4 repl icdtes for each condition. Add coatin'j buffer to other wel Is for

background medsureinents. Experimental and control wel Is are treated
ilent i cal ly in sublsequent stups. N11

3. Inc.jbate overniqht at V0 C in humidifled chamber (plastic box wi'th wet
ppleýr towel) tu ,is,jrb roeceplor or i',enbrtnes to pldstic. Altrnl'tivel y,
pI iates containing niieibranes cdn be centri fued at % 1(.000 xg in pl ate
cirriers for 30 ri. ' i ..

4 . Wv;h 3 tiiies -with PBS (10 mi1 phosphate buffer, 0.15 M NalW, pli 7.1).
I I', can ,)e vpisp rat.d with a Pat ir pipette atid j viLu,ý iom r . P¶V.

I'ipenseli with a 12.-chann,!1 Ti tertek dispenser.
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5. Quench wells by adding 300 ul of 5% BSA (Sigma, Fraction V) in PBS.

6. Wash wells 3 times with PBS.

7. Add 100 ýl 12 5 1-1abeled a-bungarotoxin,(*BTX) to wells. The buffer,
amount of toxin, length of incubation, etc., depend on the specific
activity of the *BTX and nature of the experiment. Routine conditions
are 1-5 nM *BTX (25,000-100,000 cpm/wel 1) in 10 mM phosphate buffer, pH
7.

8. For competition experiments, add 50 pl of competitor in increasing con-
centrations to wells. Immediately add 50 ul of *BTX at constant concen-
tration (1-5 nM). (Note that final concentration'of each will be half
the starting concentration.) Incubate 10 min (remain in linear phase
of association of *BTX).

9. Wash 5 times with PBS.

10. To remove and measure bound radioactivity, remove buffer and add 200 P1
5% SDS in 0.2' N IaOH. , Let stand 2-5 min. Renove solution from each well
with a Pipetteman and place in a gamma vial or tube. Repeat twice.
Count in gamma counter. Subtract cpm in control wells from cpm in
experimental wel Is.

Note: This protocol, can be used for many ligand-receptor interaction..
Ligands include labeled monoclalnal antibodlies, IyG, protein A, Con A, %.
hormones, toxins, pepcides, viruses, etc. If the receptor is present,
iF i uw (.uncentration, use 24-wel l culture plates (Costar), the wells of
which have a greater surface area. Two-step procedures employing a
primary antibody and a labeled second! antibody or protein A can be
used. It is important to determine the optimum conditions for each
protocol as they will differ to some degree. This is actiieved by
performing test experiments in which the concentration of reagents used
and time of incubation for each step (receptor or membrane, quench, and
l igand) is varied independently. If backgrounds are high, increase the
quench concentration (to 101, BSA), nufiber of washes, or include deter- ?.
gent in the washes (0.02 to 0.1%- Triton X-100 or' Tween 20). For
vi ruses, especid Ily, iticlus4on of Triton in the final wish step reduces
the backgruund greatly. For 1 igands not easily solubil ized (e.g.,;.
viruses), place time plate containing SDS-HaOH on a hot plate or in an
oven (. 45°C).

The amount of receptor that actujIly boun] to the plastic after adsorp- "X
t ion was deLer;miined. To wel Is, O.h, j (430) fno I) of AChR was added. After-'

& ,nI iq .,ndi quenching for 60 rain with 5. BSA,, wel m ,- were incubated with an
Ofs , 1-I-TX (3.6 x 16 1-1¶ , 331' c pm/ fno I). 3 ;ick.'round binding of 12-5

,)TX to quenched w,,-, Is ack i ny AChR .,as neisured ind suotracted from ex?3ri men- -..
t v,jiues. IJmnd r equillbr xi~h c,;nriiions, ?4,L, c Cpim or 13 ,:m01 of -
wer.! bound. be;ause there are ?.q-subin its per receptor, the toyin binding n,

... - 3. fo I `(JiR, or 9". f *ti tota. I AChR added to toe ;n 1 1 s.

7,) 1al da .... the res 1 ts obta 1 ned sith the sol id phase a1say, qT X bi nd ,,
""I ohr ,, ';, al O "1 ' , d 1s i nq iri vitro ) ,s says i ii wi i ch I - ITX is
rji . ', i tii rec ept )r or :i.,,ib r.ino - 1 o -. 0 l it ion. Thu,ý, the toxin-roceptor

. ) ! ox i o p -; ,rr i fr,; i jnb i- i(d t b) y i 57 li ()1) 11l 1z i o iI o.n a fi I t(!r ,n t 1 1 ";1
* (,r Ii 3,;i~k a y jr c-ntri fuj t iton i n 'tue c'ntri fiit ion assay. The prito- ,
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cols for these assays are shown below. Experiments comparable to those per-
formed with the solid phase assay to determine the kinetics of binding were
carried out and the results compared. Dissociation constants were calculated
as described by Bylund (48).

DEAE - CELLULOSE FILTER DISK ASSAY

The amount of toxin and receptor, length of incubation, amount of buffer
etc. depend on the specific activity of the hot toxin,the number of recept~r
sites, the nature of binding, and the type of experiment performed. Routine
conditions are nanamolar toxin concentrations. Filters must be tested with
hot toxin al'one to determine the nonspecific background. This depends on the
overall charge of the toxin.

1, Make up AChR in 50 mM P8 (phosphate buffer) + 0.1% Triton X-100 + 0.005•
NaN 3, pH 6.5-7.5. Concentration of receptor usual ly should be 3-6 x 10"

2. Make up toxin In 50 mM PB + 0.1% Triton X-IO0 1 0.005% NaN 3 + 0.2% BSA,
pH 7.0.

3. Add toxin and recep'tor to 2 glass tubes. In 1 tube place 500-1000 fol'd
excess of cold toxin. Put the corresponding volume' of buffer in the
other tube. Both tubes are treated identical ly, in subsequent, steps.
Vo'rtex e3ch tube..

4. Incubate for desired time.

5. Spot 50 wl on a filter (Whdtllan DE-81, 25 mm diameter). Do not allow to
dry.

6. Wash filters in Washing buffer (PBS + 0.1% Triton) for 10 min with gentle
shaking. Do not use a stir bar or over-agitate. Filters will disinte-
grate. Repeat twice more.

7. Count filters In a gamma counter.

CENTRIFUGATION ASSAY

1. Make up membranes at desired concenLriti)n in 10 mM PB + 0.005% NaN 3 , 'pH
7.4.

?. Make up 1251-1abeled toxin. The buffer, dno'unt of toxin, length of
icubdtion, etc., depend on thi specific activity of the hot toxi n ad

the nature of Lhe experiment. Rout'ine conditions are 1-5 nM 1 abel ed
tox"iti (10,000-150,000 cpm/tube) in 10 nm PB + 0.2" IBSA + 0.005/0 NAN, pl"
7.0 (BSA necessary in buffer).

3. Quench microcentrifuu,, tubes (polypropylene, USA/Scientific Plastics) by
addi ny 500 d I of 5", lIO A in Pfl. Spin 10 inin in in- i rofuge 13,000 xq),
dspirate supprndtdnt.

'%5.



4. Add 500 ul (0.0025 ug-10 ug) of membranf to each microcentrifuge tube.
Use three replicates for each condition. To determine nonspecific bind-
ing of toxin to tube, run controls without membranes (some toxins "stick"
to plastic more than others). Experimentz1 and control tubes are treated
identically in subsequent steps. Spin 10 min, aspirate supernatant.

5. Add 250-500 41 labeled toxin to each tube (the minimum volume is 250 J1).
Vortex. Incubate until equilibrium is reached. For association experi-
ments the reaction is stopped with the addition of excess cold toxin
(200-1000 X excess). Spin 10 min, aspirate supernatant (for saturation
experiments save 50 pl of supernatant to determine the concentration of
free toxin).

6. Wash with 1000 pl PBS, vortex. Spin 1 min, aspirate. Repeat three
times.

7. Remove sample with 500 ul NaOH + SDS and count in a gamma counter.

Structure/Function Studies

Synthetic peptides. Peptides comprising Iortions of the a-subunit of the
AChR were synthesized by the Protein Chemistr) Facility of the Department of
Molecular Biophysics and Biochemistry, Yale Uriversity. The sequences of the
peptides synthesized are shown in Table 1. Toxin binding to peptides was
tested according to the protocol listed'below:

12 5 1-BTX Binding to 2-mer

1. Coating: 5 uy 32-mer were ad ed to the wells of microtiter
plates in 100 il of coating biffer (0.05 M carbon-
ate/bicarbonate buffer, pH 9.6, containing 0.02%
NaN 3) and incubated vernight at room temperature.

2. Quench: Peptide is removed nd wells quenched by adding 2%
BSA in 10 mMf phosph te buffer, pH 7.5,.'for 1 h at
room t'mppratiire. ,r

3. Incubation: Quench is removed in I nM 125 1-labeled BTX in 0.%X
BSA, 10 mM phosphat• buffer, pH 7.5, added to wel is 1
and incubated 2 h atI room temperature. q

Competition expe-iinents are performed by adding
increasing concen' dtions of competitor to wel Is
fol lowed by 1 nM 1 bI-BTX.

4. Wash: Wel Is are washed 4 ities with 200 ;,1 of 0.1% BSA in
i0 mM phosphate buff r.

5. So~ubilizatiorn: R(idioctivity is renovd by adding 109 ;01 of 2.5% v
';DS in 0.25 N tlaOH, s adh)ing wel 1 with cottin-tipped.
appi icdtor, placiny Ipp] icator in i vial and count-
ing in a yarma count ýr.
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TABLE 1J

Sequence and Alignument of S~ynthe..ic Peptides of AChR *a-Subunit

Torpedo 32-mler 173SGEWVMKDYRGWKHWVYYTCCPDTPYLDITyH 204

Human 32-ner SGEWVIKESRGWKHSVI'(SCCPDTPYLDITYH

Calf 32 oer SGEWVIKESRGWKHWVFYACCPSTPYLDITYH

Mlodified Calf 32-mer SGEWVIKQSRGWKlIWVFYACCPSTPYLDITYH

*Torpedo 19-rner SGEWVtIKDYRGWKIHWVYYT

Torpedo 12-mer CPDTPYLDITYH

* Torpedo li-mer PDTPYLD ITYH

Torpedo 14-mer KDYRGWKHWVYYTC

Torpedo 12-fner KHWV 'YTCCPDT

Ineo~ il-mer HWVYYTCCPDT
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A second assay was devised to demonstrate binding of peptides to BTX. In
this assay, BTX is bound to plastic and incubated with purified AChR or 32-mer
iodinated by the chloramine T method. The ability of peptides (which sI4Qld
compete with rec1eAor 32-mer for binding' to adsorbed toxin) to inhibit i I-
AChR binding or 1-32-mer is tested. This protocol is described below:

1. Coating: Wel Is are coated with 5 pg BTX in coating buffer
(0.05 M carbonate/bicarbonate buffer, pH 9.6, 0.02%
NaN3) overnight at room temperature.

2. Quench: BTX iS removed and wells quenched with 300 pl 2% BSA
in distilled water for 1 h at room temperature.

3. Incubation: 125 1-AChR or 1 25 1-32-mer in 10 mM phosphate buffer,
pH 7.0, 0.1% BSA, and 0.2% Triton X-100 with
increasing amounts of unlabeled AChM, or 32-mer are
added to wells and incubated for 15 min at room
temperature.

4. Wash: Wells are washed 4 times in 10 mM phosphate buffer,
pH 7.0, 0.1% BSA, and 0.2% Triton X-100.

5.- Solubilization: 100 Pl of 2.5% SDS in 0.25N NaOH is added to wel Is,
wells are swabbed with a cotton-tippd applicator,
the applicator placed in a vial, and radioactivity
measured in a gamma counter.

Therapy

Polyclonal antibodies. Antibodies were raised against the Torpedo 32-
residue peptide. The proedure for antibody production is outlined below.

ist injection: Four pound New Zealand white rabbits were injected sub-
cutaneously in the back with 50 nmoles 32-mer in com-
plete Freund's adjuvant.

ist boost: Two weeks after the first injection, 50 nmoles 32-mer in
complete Freund's adjuvant was injected, half subcutane-,
ously on the back and Ilalf intramuscularly in a thigh
muscle. Two weeks after injection rabbits were bled.
from an ear vein after anesthetizing the ear with
Solarcaine.

2nd boost: Two weeks after the second injection, 10 ninols 32-mer in
complete Freund's adjuvant was injected, half subcutane-
ously in the back and hal f intramuscularly in a thigh
muscle. Two weeks after injection, rabbits were bled
from an anesthetized car vein.

3rd boost: Sanle as second. "

Sera were screened for antibodies ayainst the 32-mer and AChR (purified
ACHiR arid ACiR rich Torpedu membranes). Antigen was adsorbed to wel Is of 96-
wel] I nicrotiter plates, washed and quenched with 5% BSA, incubated with sera,
w,isned, incubated wiin 1251-labeled Protein A. After washing, bound rddidac-
tivity was rk.moved and counted in a ganina counter.
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Monoclonal antibodies. Monoclonal antibodies were raised against the 32-
residue peptide essential ly as, described by Tzdrtos and Lindstrom (43). C57
black mice were used as immunizing anrmals and as a soirce of feeder spleen
cells. Mice were injected subcutaneously with j2-mer (50 nmol) emulsified in
complete Freurd's adjuvant. A booster injection was given subcutaneously one
week later and intravenously after another week. Mice were sacrificed 4 days
later. Prior to sacrifice, an orbital bleed was performed and the serum
tested for reactivi ty against the 32-mer using enzyme-linked immunosorbent
assay (ELISA). Spleen cells from positive animals were fused with the mouse
non-secreting mouse myeloma line Ag 653 with the procedure of Kpohler and
Milstein (49). Spleen cells were mixed with myeloma cells (101) and 50%
polyethylene glycol (PEG 1500) added. Cells were then diluted with culture
medium and rediluted in hypoxanthine-aminopterin-thymidine (HAT) medium in
Costar microtest wells. After 14 days, supernatants from wells with prolifer- -
ating hybrids were assayed for the presence of anti-32-mer antibody. Cells
from positive wells were cloned by serial dilutions in 0.25% agar (50).

RESULTS

Assay Development

Solid Phase Assay

a Bungarotoxin. The binding of 12 51-labeled BTX to AChR-rich membranes
from Torpedo electric organs and the affinity purified AChR was medsured using
a solid phase assay. The time course of association 'for lI-BTX binding to
Torpedo memb;-anes is shown in Fig. 1. Equilibrium is reached in about 3
hours. Toxin binding increases as a function of membrane adsorbed to wel Is of %.,
microtiter plates (Fig. 2). Saturation of BTX binding to membranes is shown
in Fig. 3. Nonspecific binding represents binding in the presence of a 200-
fold excess of cold toxin. This value was subtracted from the total cIxn bond
to obtain the specific binding. The data of the saturation experiment are
expressed by Scatchard analysi fin Fig. 4. The slope of this plot yields a
for toxin binding of 3.5 x 10" 'M.

Similar experiments were performed to characterize BTX binding to purn-
fled AChR using the soiid phase assay. The time course of association of
toxin binding to AChR is shown in Fig. 5. Equilibrium is reached at about the
same time as BTX binding to Torpedo membranes. Toxin binding as a function of
the amount of receptor placed in the wells is shown in Fig. 6. Binding of
toxin can be detected after adding as little as 0.1 jg AChR to the wells.

Dissociation of the 125 1-BTX-receptor complex was measured in the pres-
ence of a large excess of cold toxin (Fig. 7). Association and dissociation
rate constants were calculated from the data in Fig%. 5 and 7 as described by
Bylund .(48). The association rate (K+1 ) is 3.45 x 10 min -1 and the disso-
ciation rate constant (Ki) 1 .5 -x 10- min- T- e KF calculated from the
rate constraints is 4.3-x 0" M.* Saturation of 1 -IBTX binding to AChR is
shown in Fig. 8. Scatchard analysis of the data is illustrated in #ig. 9.
The !D calculated from the equilibrium binding experiment is 4.1 x 10-1 M.

Cobratoxin. The solid phase assay was also employed to study the binding
of a-buoyarotoxin, erabutoxin, cobrato-In (Naja ndja atra) (CTX), and apamin.
Specific binding (binding competed by excess cold toxin) was not detected in
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BTX-TORPEDO ASSOCIATION
Solid Phaae Assay
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Fig. 1. Association of 1 2 5 1-BTX with AChP,-rich membranes from Torpedo
electric organ. Solid phase assay. Wells of microtiter plates were coated
Wi31 25 g membrane protein, quenched with 10% BSA, and incubated with 5.6 X
10O-M 2 5I-BTX for increasing periods of time. i/fter washing, bound toxin was
removed and counted in a gamma counter. Values are the mean of four
replicates.
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BTX BINDING TO TORPEDO
Solid Phase Assay l
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Fig. 2 1 2 5 1-BTX binding to receptor rich membranes from Torpedo electric
organ as a function of membrane concentration. Wells of microtiter plate were
coated with increasinig cyocentrations of Tjrpedo membrane protein. After
quenching with 10% BSA, 12I-BTX (5.6 X 10-9 was incubated for one hour,
wells washed, and bound radioactivity removed and counted. in a gamma counter.
Values are the mear of four replicates. .
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SATURATION OF BTX BINDING TO TORPEDO
,0Sold 

Phase Assay
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Fig. 3 Saturatiun of 12 5 1-BTX binding to receptor rich Torpedo
membranes. Solid phase assay. Wells were codted with 10 ug membrane pro~t n,
quenched with 187, BSA, and incybdted with increasing concentrations of 1I-
t3TX (1 X 10" M - 5 X 10- M) for 2 hours. After washing, bound
rddiodctivity was removed and counted in a gamma counter. Values are the mean
of four replicates.
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SCATCHARD PLOT FOR BTX-TORPEDO
Solid Phase-Assay

1-I
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Fig. 4. Scatchard analysis of the data presented in Fig. 3. Bound
toxin/free toxin was plotted versn bound toxin. The equilibrium KD
calculated from this data is 3.5 X 10 M.
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BTX-AChR ASSOCIATION
Solid Phase Assay
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Fig. 5. Time course of association cf 1 2 5 1-BTX with AChR. Solid phase
assay. Wells of microtiter plates were coated with'0.2 jig AChR in coating
buffer at 4'C overnpjtAt. Wells were washed, quenched with 5% BSA, wasthed and
incubated with 5nM ' I-BTX in 50 mH. phosphate buffer, pH 6.5,. containing 0.2%
BSA for increasing times. Bound radioactivity %ias removed with SDS/HaOH dnd
counted in d yamn'a counter. Values are the rmean of threo replicates.
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BTX BINDING TO AChR
Solid Phase Assay
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F ig. 6. 125i1-RTX biniing to AChR as d fu'iction of receptor concentra-
tion. Solid phiase assay.. Wells ,jf iicrotiter plates were coatod overni;it at
V'C wil-h AChR iii increasing cuncentrations in coatij Luffer. W '1ls were
w•ished, quenched with 5`1 3 'A, washed and i ncubdted with 5nH I'-BTX in
59 T-11l phlo; htA'u buffer, plH 6.5, corntaining 0.2',, V.A for 5 hours. ,ftr
wdshi ,,, buund ridioict vity Wdas ,;,oved and counted in d jJ1lMa counter.
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BTX-AChR DISSOCIATION
Solid Phase Assay : %
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Fij. 7. Oi)1sucidjtiun of 1?5 1T1BT' fr-Ofn AChR. ¶Ollid PýIaSe assa)y. :;C IIS, of
microtiter PldttŽS were coated with 0.2 jjq AChIR iF) COdting buffL'r overnight at

WellS e wis Wdlied, quenchedW~ w -t 5", B'A, wi s hkd drid incubai td OdIth 5r ill
12 X f5 fou hor-tr' four hour-s, 1000-fold excess of colJ [liX was
d LV' to he 1t 1 ". At i n ,rebds i nm 1 niot-v dl s, mellIs were~ washeid md biond
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SATURATION OF BTX BINDING TO. AChR
Solid Phase Assay
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Fri (j. 8. tt~.r jtl on of I-BTX bindi ny to A(.;hR. iOl id phdse ASSay.
WellIs of microtiter plateS were coatod with 0.1 jij ACAiR in COdtiiny buffer
overmiii hL at 4'C. Well IS were wdshed, queiiched wi Lh 5%ý 1 Afor onet hour,
was~l.1, anid iticubdted with ificredSill(J conceitrdt ions (2 X 10 ti - 5 X o )
Uf ý'-B-T X for five hou Is Wel I s wete wýsed mid b~oud radiodrI ti3vi ty ýýuiovvd /
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SCATCHARD PLOT FOR BTX--AChR
Solid Phose Assay ,
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Fig. 9. 'cdtcha rd dndlySis of the equilibrium binding data in Fig. 8.
Bound toxin/free toxin is plotted ve rsus bound toxin. The equilibrium KD
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the case of B-bungarotoxin and erabutoxin. This was most likely due to inac-
tivation of B-bungarotoxin by iodination and to inadequate lodination of
erabutoxin. However, binding of cobratoxin, a short postsynaptic neurotoxin
like erabutoxin, was observed.

Association (Fig. 10) and dissociation (Fig. 11) of CTX with AChR was
measured. A biphasic curve was observed in the case of the dissociation
experiment. 7 Rate Ionstants were calculated 3from tte initial rates and are K+I
= 1.2 x 10-1 min' M and K_1 = 1-8 x 10"- min- . Th KD determined from
these rate constants is 1.5 x 10o M. Saturation of M"ST-CTX with the AChR
was observed (Fig. 12). Scatchard analysis of of this data is shown in Fig.
13. TheKD calculated from the equilibrium binding data is 2.7 x 10'M.

Apamin. When 12 5 1-apamin binding to synaptosome membranes was tested
using 96-well microtiter plates, only very low signals could be detected.
However, adequate signals (ý.3,000 cpm) were obtained when synaptosomes were
adsorbed to the wel ls of 24-wel 1 pol y,styrene plates (Costar) which hig a
considerably larger well area than the 96-well plates. Association of I-
apamin is shown in Fig. 14. It can be seen that equilibrium is reached in
about 30 min. After that, there is a rapid decline in binding. This apparent I
loss of binding is most likely due to proteolytic digestion of either apamin
or synaptosomes. Because of 'the loss of signal, it was not possible to
perform a dissociation experiment. A saturation experiment in which synapto-
somes were incubated wi~th increasing amounts of labeled apamin was performed
(Fig. 15). Saturation was not achieved because the labeled apamin was not
present in high enough conc'entrdtion. 'However, Scatchard analysis of the
equilibrium binding data yielded a non-linear plot (Fig. 16). This is indica-
tive of two binding sites of high and low affinity although it cannot be ruled
out that the lower affinity binding represents non-specific binding.

Filter Disk Assay

cg-Bungarotoxin. In the filter disk assay, 125 -BTX is incuuated with AChR
in so6 ut~igp. An aliquot of the solution is then placed on filter paper and
unbound 1e I'-BTX, which does'not adhere to the filter paper, is washed away
and bound radioactivity measured. Using the' filter disk assay, association
(Fig. 1.7), dissociation (Fig. 13), and saturation experiments (Figs. 19, 20.) 4.
were performed. One difference in comparison to the solid phase ds~ay is that
association is more rapid when measured with the filter disk assay, reachino
equilibrium in 30 rain. The K+I is 9.3 x 105 rin- M," and the K. - 4.1 x 10"4
min- . The KD determined from the rate constants is 4.4 x 10 10M. The KD
obtained from Scatchard analysis of th2 saturation data is 2.8 ;1 0"I0-Fi,
comparable to the KD obtained from equilibrium binding in the solid phase
assay.

Centri fugation Assay '

S- ~.__--,Erotoxin. Binding of "mI-BTX to receptor-rich Tor[cde pmembranes ".
was studied usiny a centrifuqation assdy fur compdrison with r-esu-Ts obtained
using the sold phase assay. In the centrifugation assay, labeled toxin and
nm!,branes are incubated in solution, the nembrnes are nelleted by centrifuga-
tion to separate them from unbound labeled toxin, and bound radiooctivity in
the pellet measured. Association of toxin with :Tivilbr'ares is illustrated in
Fig. 21. The rate of association is nor? 'rapid than that observed with the
sol id phdse assay (Fig. 1). Saturhiý,e binding of toxin to meurbranes Was
observed (Fig. 22).
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CTX-AChR ASSOCIATION
Solid Phase Assay30--
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Fig. 10. 1251-CTX association witth AChR. Solid phase assay., Wells of*
microtiter plates were coated with 0.1 ug AChR in coatiriq buffer by .

centrifuging pl1tus at 1000 X g for 30 niinut,2. Wells were wadsied, bound
rddiudctivity ;-emoved and counted in a gamma counter. Values are the mean of
three repl icates.
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CTX-AChR DISSOCIAT!ON
Solid Phase Assay s

30-
28-

26

24-

22 -. .4.4
. %. -,,,, 20 -. "•

- 16

00 10 0
8 -

84 4

4.

2
0 - I I I .I v

0 10 20 30 40 50

"Time (h.r)
Fig. 11. 1 2 5'I-CTX-AChR dissociation. Solid phase assay. Wells of

microtiter plates were coated with 0.25 jig AChR in coating buffer oerp" ht at
4'C. Wells were iashed, and quenched with 10% BSA for 30 minutes •I-CTX
(6.9 X 10-9 M) was added to wells and incubated for four hours. A 1000-fold
excess of cold CTX wds added to the elIs. At increasing times, el Is were
washed and bound radiodctivity ri.moved. Values are the mean of three
rupl icdtes.
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CTX-AChR SATURATION
Solid Phose Assoy

32 -

30'

28

24

22
E 20.

, 18C o 1 6
"0 0

CX: 14

xv 12

10-

8-

6

4-
2 "

0-
-10 -8 -6 -4

[CTX] (M)
0 Tctal + Nonspecific o Specific

Fig. 12. Saturdtion of 1 2 5 1-CTX binding to AChR. Solid phase assay.
Wells of microtiter plates were codted with 0.25 ug of AChR in coating buffer
by centrifuging plates dt 1000 X g for 30 minutes. Wells were washed,

pnched with 10% BSA, a d incubated with increasing concentrations of
lLI-CTX (5 X 10-1'-1- - 10-9H) fur 60 minutes. Bound radioactivity was removed 'le

and counted in a gamma counter to determine total binding. Non-specific
binding rupresunts binding observed in the presence of a 200-fold excess of
cold toxin. This value was subtracted from total binding to determine
specific binding. Values dre, the edrn of four repl icates. "
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CTX-AChR SCATCHARD PLOT
Solid Phose Aevoy

0.9-

0.8 0 31

0.7-

0.62

LE 0.5

3 .4 -.-

0

0.2-" "

0. 1 ,?

0s n ze•"

0 4 8 12 16 20 24 28
(Thousands)

Fig. 13. SCdtC d'plut of eq'librium binding data in Fig . Solid
phase assay. Bound 'I-CTX/free 'I-CTXs plotted versus bound 12 2 5 S-CTX.
The KD caluldted from the data is 2.7 X 10 M1.
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APAMIN-SYNAPTOSOME ASSOCIATION
Solid Phase Assay
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Fig. 14. Association of 1 2 5 1-apamin with synaptosome membrdnes. Solid
phase assay. Wells of 24-well inicrotiter plates were coated with 250 P g
membrane protein by centrifuging plateý,_ 1000 X g for 30 minutes. Wells
were washed, quenched with 10% BSA, and I'll-apamin added (100,000 cpm). At
illcredsing times, wells were washed and bound radiodctivity removed. Values
are the mean of four replicates.
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Apamin-Synaptosome Saturation
Solid Phase Assay4-)

3 .5 -
I.

3-

E 
N

u 2.5

oE l t 'i 1.5 i --- -" ',"

ale

05

-9 -86 -83.1 -7.8 -7.4 -7 -6.6 -6.2 -

[Aparnin] M
0 Total *f Nonspecifitc * Specific

125%
Fig. 15. Saturation of 1-apamin binding to synaptosomes. Solid phase %

assay. Wells were coated with 200 pg synaptosome membrane protein by
jgtrifugation. After washing and quenching, incredsing concentrations of

l-apamin were added and incubated for 30 minutes. Some wells were
incubated in the presence of a 200-fold excess of cold apamin to determine
non-specific binding. Bound radioactivity was removed and counted and
specific binding determined by subtracting non-specific binding from total
binding..• Values are the mean of four replicates.
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APAMIN-SYNAPTOSOME SCATCHARD
Solid Phase Assay
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Fig. 16. Scdtchard analysis of 1 2 5 1-apamini-synaptosone equilibrium bind-
ng datd (Fig. 15). bound apamin/free apamin is plotted versus bound apamin.

A non-linear curve indicative of two binding sites is observed.
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BTX-AChR ASSOCIATION
Filter Disk Assay
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Fig. 17. 1 2 5 1-BTX association with AChR. Filter disk assay. 12 5 1-BTX
(150,000 cpm) was incubated with AChR in tubes in 50 mMr phosphate buffer, 0.1%
Triton X-100, 0.005% _iatl3 , pH 6.5. A 1000-fold excess cold BTX was included
in some tubes. Incubation was allowed to proceed for increasing times after
which 50 •l of solution was spoLted on a filter. Edch aliquot contained 500
fmol AChR. Filters were washed three times and counted in a gamma counter.
Radioactivily observed in the presence of excess cold toxin was subtracted
from the radioactivity observed with hot toxin alone to determine specific
binding. Values are the mean of three replicates.
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BTX-AChR DISSOCIATION
Filter Disk Ationy
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'Fig. 18. Dissociation of 1 2 5 1-BTX from AChR. F'ilter disk assay..i
12 5 1-.BTX was Iincuoated withl AChR for 45 minutes after which 1000-fold excess'.
cold BTX was added to Lhe tube. At increasing time i;itervals, 50 ul of"'--

solut ion was spotted onl a filter. The filters were washed and counted in a "-'-
gamma counter. Background was thle radioactivity bound after incubating hot. -
and excess cold 'toxin for 45 minutes. Values are the mean of* tiree..-,
r'eplicates.
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SATURATION OF BTX BINDING TO AChR

Filter Dis~k Assny7U
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Fig. 19. Sdturtiot~olo 1 5 -1TX b idiyto AChR. flter disk Assay.
Increasing concentrdtions of I-BTX 5XOM- 5 X 10M) were incubdted
with AChR for 45 minutes. Fifty Jl of solution were spotted on filters which
were washed and counted in a gamma counter. Each aliquot contained 500 fmol
AChR. Non-specific binding, is the radioactivity bound in the presence of
excess cold toxin minvs the radioactivity bound jfter spotting hot toxin to
tile filters alone. Non-specific binding was subtracted from the total binding
to determine specific binding. Values are the mean of three replicates.
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SCATCHARD PLOT BTX-AChR
Fitear Disgk Aevoy
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Fi,j. 20. Scdtchdrd plot of equilibriun biridinri data in Fiy. 19. Round
toxin/free toxin is plotted vtrsus bound toxin. A linear plot is'observed
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BTX-TORPEDO ASSOCIATION

4. Centr~fugotion AssayU
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Fig. ?.1. Assocldtlon of 1 25 1-BTX with AChR-rlch Torpedo membranies.
Centrifugation assay. Microcentrlfugat ion tubes were qunhe ih 5 SA.
Teti jig of Toy-pudo meliDrin, ill 5()n ,I was ddIded to tubes which were centirifuged
for 10 njtptes inl a rcrofuyje. The supu I~dtaht was aspi rated anid 500 Wi
of Itnll 2-1-BT. addded tot Ule 1ý T ds. At increaSinyU titme i ntervdl s, 1.000-fold
excess toxin was ddded to stop the relict ion. The tubes weore vortexed and
cenitrifugeJd P' Iifljmos. The pel let wias restispontled and w~ished three tiimes .

wi ti PB.;. The f inil) pel let w~as solIubiliized by I)DS and coiqjrted in a yjammia
-count er. 1Wic kiruuml * 1)1 rid I ny oSLrve!d iii L.he presence of* 1000- fold cold tox in
w,), sobt rdcted from experlilenta V YIInes. Val1 ties are thre rican of three

r,.,p], iti os
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BTX--TORPE C) SATURATION
Centrif gation Assay
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Fig. 2?. Saturation of l? 5 I-BTý binding to Torpedo membrane pro i en.
Cenýrlfugation Assay. Labeled toxin I increasing concentration (1 X 10 - .
210 0-8M) was incubated with 10 ug or•pedo membrane protein for 30 min, as

described in Fig. 21. Rackgrourd radioactivity measured in the presence of a
200-fold excess of cold toxin rppresr ts non-specific binding. This value was
subtracted from total binding to obta n specific binding. Values are the mean
of throe replicates.
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Binding inhibition assay. Experiments were performned to determine
whether the solid phase assay could be used as a binding-inhibition assay that NN
would be useful in screening potential inhibitors of toxin binding. The
effect of cold BTX, -cobrato d-tubocurarine, nicotine, carbachol, cho-
line, and sodium chloride on BTX binding to purified AChR was tested
(Figs. 23,24). BTX, a-cobratoxin, and d-tubocurarine are cholinergic antagon-
ists, nicotine and carbachol are nicotinic agonists, and choline and sodium
chloride are cationic agents. The cncentrations of agents that produced 50%inhibition of binding (IC50 ) o mM I-BTX are listed in Table 2.

The ability of a 32 amino acid peptide (32-mer) to bind 12 5 1-BTX in asolid phase assay was measured. This peptide comprises residues 173-204 ofi'•"
the Treoalpha subunit and contains cysteine-l92 and -193. Peptide was

adsorbed to the wells of 96-wel1l polystyrene microtest plates as described forcoating with AChR. Binding of labeled toxin to the adsorbed peptide was
observed and could be competed by excess cold toxin (Fig. 25). To test the.

specificity of binding and obtain information on affinity, the ability ofligands to compete labeled toxin binding to peptide was measured. Employing .4

the solid phase assay as a bindino-inhibition assay, increasing amounts of

l igand were incubated wi-ch I nM 1 51-BTX. The results of these experimentsare illustrated in Fig. 25. The IC5 ns of the agents tested are shown in Table
3. It. was al so possible to demon'strate binding by adsorbing toxin to the .

wells and incubating with iodinated 32-mer. Competition of labeled 32-mer byunlabeled 32-mer is illustrated in FIg. 26. i,

Preliminary experiments were undertaken to measure toxin binding to

shorter peptides comprising portions of the 32-mer. These experiments yieldedlow levels of binding and high variability. Besides inability of peptides. to •
bind toxin, these results could be due to inability of short peptides to•..

adhere to plastic. Therefore, another assay which does not depend on immobil-ization of pept~ide was developed. In this assay, BTX is adsorbed to plastic•:•-•:
and incubated withi iodinated AChR. The ability of unlabeled AChR to compete ]

with labeled AChR is shown in Fig. 27. It appedrs that this assaywil 1 be
feasible for testing peptides, since, if they contain the binding site, they
should compete with the labeled AChR for binding to the toxin. "' .' ,

Preliminary experiments were undertaken to compare the binding of 1251,
BTX to the Torgedo 32-residue peptide with corresponding peptides of calf and
human (-subunit. In addition, toxin binding to a calf 32-mer in which gluta-
mine was substituted for n Lively-chdrged glutai,,ate (position 130) was
meusured. Bind 4ng of In1" 3 I-BTX in the presence of I pm cold BTX is shown
in Table 4. A greater reduction caused by cold toxin is indicative of a * J
higjher affinity of peptide for toxin. These results show that the Torpedo
peptide binds toxin with higher affinity than the mamal ian toxins and that
Lhe modification of glutamate 180 has little or no effect on binding. %

The rapy•-w

Production of antibodies against the 32-residue a-subunit peptide was
undert(iken as the first step in the long ranye goal of determininig whether
these might be effective in inhibiting toxin binding. Two rabbits were iinmun-
iz(.d with the 32-mer to raise polyclonal nritibodies. The results obt.jined
with one rabbit are shown in Fig. 2S. This rabbit showed an increasing titer-
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BINDING--INHIBITION ASSAY
Inhibition of 125-I BTX Binding
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F Fiy. 23. Competition of 1 2 5 1-BTX binding to AChR. Solid phase assay.
Wells of 96-well microtiter plates were coated with 0.15 ig AChR and quenched
with 51, BSA. After washiny, 50 il of a a-bungdrotoxin, a-cobratoxin, or
d-tubucurarine in increasing concj2 rations was added to the wells.
Immedidtely theruafLer, 50 Jl of InM 'I-BTX was added to wells and incubated
for 10 minutes. Wells were wdshed and bound radioactivity removed and counted ¶

in a pmiria counter. Values are the tLxdn of three replicates.
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BINDING-INHIBITION ASSAY
Inhibition of 125-I BTX Binding
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Fig. 24. Competition of 1251-BTX to AChR. Solid phase assay. The
effect of nicotine, car-bachol, choline, and NaC on toxin binding was measured
as described in Fi~g. 23. Values are the mean of three replicates.
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1251-BTX BINDING TO 32-MER
Competition with Antagonist,10o -•
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Fig. 25. Binding of 1 2 5 1-l.abeled BTX to Torpedo 32-mer and competition
with antagonists. Wells of microtil plates were coated with 5 ug 32-mer,
quenched, and incubated with 1n1 1 I-BTX. The effects of the following
agents on toxin binding were tested: a-bungarotoxin (BTX), a-cobratoxin
(CTX), d-t. ibocurarine (dTC), and NaCi. After washing, bound radioactivity was
removed b) SDS/rlaOH and counted in a gamma counter.
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1%1251-32mer Binding to BTX

110- Competition with untobeold 32mer
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Fig. 26. Competition of 12 5 1-32-mer binding to BTX by cold 32-mer,
Wellsl2ý rmicrotiter plates were coated with 5 jig BTX, quenched, and incubated
with 1-32-mer (100,000 cpn) in the presence of incredsing concentrations of
unlabeled 32-mer for 3 hours. Wells were washed and bound radioactivity
removed and counted in a dynma counter. Values are the mean of three
replicates.
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1251-ACHR BINDING TO BTX
Competition with Jnlobl.91nd AC.hR1.1 -l
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Fig. 27. Inhibition of 1 2 5 1-AChR binding to BTX by unlabeled AChR.
Wells of microtiter plates werioated with 5 ug BTX. Wells were quenched
with 2% BSA and incubated with *2 I-AChR (500,000 cpm) and increasing amounts
of unlabeled AChR. After washing, bound radioactivity was removed by SDS and
counted in a gamna countur.
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Binding of anti-32mer antisera to .32mer
Dilution Curve
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Fig. 23. Binding of anti-32-mer antisera to 32-mer. Antibodies were
raised in rabbits against the 32-residue u-subunit peptide (32,-mer) as
described in Materials and fleLhods. To test redC' 'iVity of antisera.# wells of
microtiter plate-s were coated with 5 1pg of 32-rner. Wells were quenched and
incubated with l~il utions of sera for one huur. Wells were washed dnd
incubated with 12 I-proteiri A (50,000 cpm) for one hour. Bound radioactivity
wias removed and counted in a yammad counter.
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Table 2

Binding-Inhibition Assay, 12 51-BTX to AChR

Agent IC50

a-Bungarotoxin 4.0 x I0"9 M

a-Cobratoxin 6.0 x 10-8 M

d-Tubocurarine 1.8 x 10.5 M

Nicotine 1.4 x 10-3 M

Carbachol 3.4 x I0- 3 M

Choline 5.0 x I0-2 M

NaCI > 1.0 x I0"I M

The concentrations of agents that produced 50% inhibition of I nM 1251- ,-
BTX binding to AChR in the solid phase assay are listed. Based on experiments
and data shown in Figures 23 and 24.
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Binding-Inhibition Assay, 125I-8TX to 32-mer

\I'.

-Bungdrotoxin "5.0 x 10-8 '-"

a-Cobratoxtn 4.4 x 10-7 M ,.?
d-TubocurarTne 8.9'x 10e5 M

NaCI 1.6 x 10-2 M •

The concentrations of agents that produced 50% inhibition of 1 nM 1251_

BTX binding to 32 residue ct-subunit peptide (12-mer) in the solid phase assay
are'listed. Based on experiment and data shown in Figure 25.
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Table 4

125I-BTX Binding to 32 Residue a-Subunit Peptides

32-mer % Residual Binding
P'. 

4 ."0

Torpedo 13.5

Human 66

Calf 40

Modified Calf 39

The reduction in binding of 1 nl 1 2 5 1-BTX to 32-mer by 1 1
unlabeled BTX was measured. Peptides ( 5 jg) were adsorbed to wells 1
of microtiter plates. After quenching in 2% BSA, I nt¶ I-BTX and
1 pM cold toxin in 1% BSA in 10 mM phosphate buffer was added to the
wells and incubated for 3 hours. Wells werl wdshted and bound
radioactivity removed and counted in a gamma counter.. Values are the
mean of three replicates.
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against the 32-mer with successive boosts. The other rabbit showed a decrease
in titer after the second boost. Antisera obtained after the first boost was

tested for reactivity against the 32-mer, purified AChR, and AChR in receptor-
rich Torpedo membranes (Table 5). Both antisera reacted with the 32-mer and
recer7tor in Torpedo membranes. Only one antiserum, however, reacted with
purified receptor. Binding of labeTed BTX shows that the low binding to
purified AChR is not due to lack of receptor.

In addition to polyclonal antibodies, monoclonal antibodies were raised
in mice. Several clones producing antibody reacting against the 32-mer were
obtained. Supernatants from the hybridoma cultures are being collected for
concentration of antibodies. Further characterization of the antibodies has
nut yet been undertaken. ý5

JI

DISCUSSION AND CONCLUSIONS

A solid phase assay was developed to measure binding of 1 25 1-BTX to
receptor-ricii membranes from Torpedo electric organ and to AChR purified on a
a-cobratoxin-Sepharose column. Comparable experiments were performed Jsing
two In vitro assays, a filter disk a'ssay and a centrifugation assay. The
affinity of txin binding to the purified receptor was calculated from the
rate constants determined from association and dissociation experiments and by
Scdtchard analysis of saturation data. The affinities obtained are shown in
",able 6. In addition, the affinity'of toxin binding to receptor-rich To,,pedo OVS
membranes determined from a saturation experiment with the solid phase assay P
was 3.5 x.10- 1 OM. Both the rate of complex formation and dissociation were
faster with the in vitro assay than for the solid phase assay. The dissocia-
tion constants determ ned from kinetic and equilibrium binding data were
comparable, however. For both assays, the equilibrium KO was one order of
magnitude less than KQ from kinetic data. The rate constants observed with
both assays fall within the range reported in the literature (15,47,51,52).
The similarity in dissociation constants obtained with the. solid phasefilter
disk and centrifugation assays thus val idates the solid phase assay as a
useful technique for'Investigating toxin-receptor interactions.

Rate and dissociation COnStdantS were also determined for CTX (Naia n1j

atra), a short, postsynaptic neurotoxin (Table 6). With the solid phase
assay, the rates of association and dissociation are. fdster for CTX than iTA,
a long, postsynaptic neurotoxin. The dissociation constants determined from
kinetic ddta and equilibrium binding are at least an order of magnitude lower

'than for BTX (Table 6). Chicheportiche et al. (13) reported that the disso-
cidtion constants for long and shurt neurotoxins (!re similar but that short
toxins associate and dissociate from. the receptor faster.

Efforts to measure binding of 125 _-I Jieled erabutoxin (ETX), another
short neurotoxin, were unsuccessful. This may have been. due to failure to
adequately iodinate ETX. ETX has only one tyrosine residue at position 25,
which may be buried in the molecule and not iodineted under mild conditions
(see 51,47). CTX has an additional tyroiine at posit ion 39 which is .xposed.
Thus, .odination of tyrosine 39 of CTX by the chloramine T method IMay explain
why binding of this toxin could be detionstrated.

The solia phase assay offers several advantages over the in vitro assays.
Because iricibations are performed in the wel l" if 9G-wel 1, miLrotiter plites, % %
sma I I amounts of materials and reagents (receptor and toxin) are required.
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Tabl e 5

Reactivity of Antisera to 32-er with 32-mer and AChR'

Serum rNo. I Serum No. 2 Serum No. 3
cpm bound

32-mer 878 971 ---

AChR il1 1199 28814

Torpedo membranes 2848 1013 14249

The 32-residue peptide, purified AChR, and receptor-rich membranes from
Tjorpedo electric organ were adsorbed to wells of microtiter plates. After
quenching with 5" BSA, serur! Tron rdbbit n otrer I dnd rabbit number 2 dilutcd t
1:50 were ddded to wells. After washin,. 1I-labeled protein A was added,
wells washed, and bound radioactivity T'VI,I()Vd dnd countud in' a galil counter.
Wells containingn AChR and membranes were dlso incubated with I-BTX to
obtjin adr estimdte of the relative amount of receptor present.
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Replicates are easily performed. Washing steps can be performed quickly using
an aspirator and a multichannel pipette. Similarly, competition experiments
are easily performed by adding inhibitors to the wells. Background binding
(binding of labeled toxin in absence of receptor) is negligible in the solid
phase assay. In the centrifugation assay, the signal/background ratio is
about10:1 and in the filter disk assay about 5:1. Background increases
significantly in the filter disk and centrifugatlon assay at high toxin con-
centrations. Apparently, BTX binds less to the polystyrene plastic of micro-
titer plates than to DEAE-cellulose filter paper and polypropylene microcen-
trifugation tubes. Variability in experiments performed at different times
and in replicate samples is lowest with the solid phase assay and highest with
the centrifugation assay.

Some differences were noted between the results obtained with the solid

phase and in vitro assdys. The rate of association of toxin with the receptor
was slower with the sol id phase in comparison with the in vitro assay.
Second, the affinities of daonists and antagonists of BTX binding as deter-
mined by IC50 values in the solid phase assay are at least one order of
magnitude less than the affinities generally reported in the literature. The
IC50 values observed with the solid phase assay are consistent, however, with
the relative affinities of these agents for the AChR. Thus, the solid phase
assay is most useful in comparing the relative effectiveness of agents that
inhibit toxin binding.

Differences in the solid phase and in vitro assays may occur because in
the former, toxin binds to recertor immobi1ized on plastic, while in the
latter, it interacts with receptor in solution. In addition, in the filter.
disk assay, binding takes place in the presence of 0.1% Triton X-100. With
the filter disk assay alone, di'fferences in toxin binding to sol ubil ized,
purified and to the membrane-bound AChR have been observed (51). Solubillzed
receptor binds toxin more rapidly than membrane-bound receptor. Differences
in rate constants could be due to different conformations for the soluble, '-
purified and membrane-bound receptor, with toxin binding more rapidly to the
solubilized conformation, or because the solubilized receptor is homogeneously
distributed in the reaction volume, while the membrane-bound r2ceptor Is not
(51). Such factors probably play a role in toxin binding to receptor immobil-
ized on plastic, since different surfaces of the receptor may randomly adhere
to plastic. In this case, the toxin-binding domain may vary in its accessi-
bility to toxin in solution.

Binding of apamin to brain synoptosomes could be measured using the solid
phase assay. It was necessary, however, to uti lize 24-well polystyrene
plates, the wel Is of which are larger than those of the 96-wel] plates.
Apdiiin acts on the central nervous system by binding to receptors for vasoac-
tive intestinal polypeptide (54). This receptor is present in considerably
lower density than AChiR in electric organ ieibrane. Thus, the solid phase
assay can be used with preparations containing a low density of receptors by
iii•iobilizing a larger ahiount of nembrane.

In order to identify the toxin-binding site on the AChR, 1251-BT. Dirding
to a 32-residue peptide (173-204) of the Torped_ a-subunit was investigated.
Previously, binding of toxin to the 32-mer was demonstrated using a dot-blot
assay (39). Here, binding of toxin to the 32-mer was ol),herved using a sol id
phase assay in which peptide was immobil ized on plasIic. Specificity of
bi nding was detea-mi ned by the ab ili ty of exc.- . peptide in SoI ution and cho-
I inergic antagonists to conpete BTX bi,,,ing. The concentration of BTX that
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inhibited 50% of 12 5 1-BT• binding was 5.0 x 10-8 M and the concentration of d-
tubocurare was 8.9 x 10' M. Earlier, it was show that tie IC50 for inhibi-
tion of_ 25I-BTX bindino to the isolated g-subunlt immobilized on filters was
1 x 10-7 M and 9 x 10 - M for d-tubocurare (18). Thus, t ie affinity of toxin
binding to the 32-mer is as great as the affinity for the ntact but denatured
g-subunit. It is concluded that the 32-mer is a major det !rminant of the BTX-
binding site in the receptor. However, the affinity of BT for the 32-mer and I
the %-subunit is less than that for the intact receptor. Thus, it is likely
that other nonadjacent sequences contribute to the overal high affinity of
binding observed with intact AChR and perhaps also to tie formation of the
acetylcholine binding site. .

It is general ly assumed that the quaternary ammonium group of acetylcho- , '.

1 ine and the guanidinium group of arginine-37 of the neurotoxins interacts
with an anionic subsite on the AChR. Of the four negatively charged residues
in the 32-mer, the charge at residue 195 is not conserved in a-subunits from
other species (55). The negatively charged residues at pcsitions 175 and 200
are also present on at least two of the three other subunits constituting the6
Torpedo californica AChR (32). Thus, only the negative charge at residue 130

us unique to the a-subunit and, therefore, represents a ikely candidate for
anionic subsite.

To further localize the site, shorter peptides compri ing portions of the
32-mer were synthesized. To date, binding of toxin to t e snorter peptides
has not been characterized because of difficulty in immobilizing short pep-
tides. However, an assay in which receptor peptides are t sted for ability to
compete labeled intact receptor binding to BTX shows prom se. Neumnann et al.
(40) reported binding of BTX to a 12-amino acid peptide c mprising residues
185-196 of the g-subunit. However, the affinity of toxin binding to the 12-
mer is 3.5 x 10- M (53), considerabl 'less than the aff• ity we observe for
BTX binding to tVe 32-mer (5.0 x 10" M). It does not seem I likely that this
short peptide containsal of the determinants for binding To deLermine the
importance of the negative rubsite at position 180, a call 32-mer was synthe-
sized in which glutamine was substituted for glutamate-180. Little difference
in binding of toxin to unmodified ana substituted peptide was observed. This.
finding suggests that position 180 may not represent the negative subsite.
Alternatively, since the toxin most likely interacts with multiple sites on
the receptor, alteration'of a single residue may not si nificdntly affect
uveral 1 binding.

Binding of labeled toxin to 32-residue peptides rep~resenting residues
173-204 of Tredo, calf, an|d human c-subunits were comp red. Surprisingly,
dffinity of toxin binding, to the ma;mal ian peptides was considerably less than
to the Toredo peptide. Similarly, euiwann et a]. (56) reported that the
human 12-me-FT185-196) did not bind $TX in contrast to he TorI•edo 12-mer.
Most studies on toxin affinities have been perforo;1ed usi y recuptor derived
from electric organ and we are unaware of'any.reports or oxin binding to the
hum.an receptor. It is possible, as suggested by thuse ob•ervations, that the
human receptor does not bind BTX with as high affinity as Torpedo AChR. Ini
this case, other toxins in the snake venoms may flake. a gre ter contrhibuLion to
the overall toxic effects of the venoms on humans. Thi is an interesting
question that deserves further investigation.

lBoth the calf and human peptides differ from the Torpdo 32-mer in that a
serine is present at position 131 in the former in P ace of a tyro(sine in.
rorpedo. Because aromnatic-aroinatic interaction is imp rLdnt for protein
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structure stabil ization (57), the lack of a tyrosine may indicate the human
receptor has a different conformation than the Torpedo receptor, possibly
accounting for the lower affinity of toxin binding.

Both polyclonal and monoclonal antibodies were raised against the Torpedo
32-mer. These results demonstrate that the peptide is sufficiently antigenic
to elicit an immune response. The antibody titer in rabbits was relatively
low, however, indicating that the hybridomas represent a better source of
antibodies. Polyclonal antibodies were found to cross-react with purified
AChR and membrane-bound AChR. This finding indicates the region of the recep-
tor comprised by the 32-mer is accessible and not buried, as would be expected
for the toxin binding site. One antiserum reacted with membrane-bound recep-
tor but not isolated AChR. Such differences in reactivity are not uncommon
and most likely are due to dependence of antibody binding on receptor
conformation. The results of the antibody studies thus far demo1astrate the
feasibility of generating antibodies with binding-site peptides. Future stud-
ies can determine if these antibodies block toxin binding to the receptor.
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